Fragile X syndrome results from the absence of the fragile X mental retardation 1 (FMR1) gene product (FMRP). FMR1 has two paralogs in vertebrates: fragile X related gene 1 and 2 (FXR1 and FXR2). Here we show that Fmr1/Fxr2 double knockout (KO) and Fmr1 KO/Fxr2 heterozygous animals exhibit a loss of rhythmic activity in a light:dark (LD) cycle, and that Fmr1 or Fxr2 KO mice display a shorter freerunning period of locomotor activity in total darkness (DD). Molecular analysis and in vitro electrophysiological studies suggest essentially normal function of cells in the suprachiasmatic nucleus (SCN) in Fmr1/Fxr2 double KO mice. However, the cyclical patterns of abundance of several core clock component messenger (m) RNAs are altered in the livers of double KO mice. Furthermore, FXR2P alone or FMRP and FXR2P together can increase PER1-or PER2-mediated BMAL1-Neuronal PAS2 (NPAS2) transcriptional activity in a dose-dependent manner. These data collectively demonstrate that FMR1 and FXR2 are required for the presence of rhythmic circadian behavior in mammals and suggest that this role may be relevant to sleep and other behavioral alterations observed in fragile X patients.
Introduction
Fragile X syndrome (FXS [MIM #300624]) is the most common form of inherited mental retardation, with an estimated prevalence of 1 in 4000 males and 1 in 8000 females. 1 Typical fragile X patients display physical and behavioral abnormalities, such as a long, narrow face, large ears, macroorchidism, cognitive impairment, hyperactivity, and autistic behaviors. 2 The common form of this syndrome is caused by an expansion mutation of a CGG triplet repeat in the 5 0 UTR of the FMR1 gene, which transcriptionally silences the gene and leads to loss of FMRP. 3 FMRP is an RNA-binding protein that associates with translating polyribosomes. [4] [5] [6] Fmr1 mRNA and FMRP are expressed ubiquitously, particularly the brain and testes. 7 FMRP (MIM *309550), FXR1P (MIM *600819), and FXR2P (MIM *605339) compose a small family of RNAbinding proteins (fragile X-related protein family; FXR family). 8, 9 These three proteins share >60% amino acid identity and are able to form homo-and heterotypic interactions with each other. 9, 10 It has been postulated that the presence of FXR1P and FXR2P could partially compensate for the loss of FMRP in the fragile X syndrome. Drosophila has a single gene, Drosophila FMR1 (dfmr1) or Drosophila Fmr1-related gene (dfxr), whose product shares sequence identity and biochemical properties with the fragile Xrelated protein family. 11 To unravel the molecular and cellular bases of fragile X syndrome and to explore therapeutic strategies, both Drosophila and mouse models have been produced. We and others tested dfmr loss-of-function flies and found altered circadian behavior without detectable alteration in central clock components. 12, 13 The disturbed activity-rest cycle of the fly, together with the observed sleep disorders in fragile X patients, 2,14 led us to investigate circadian behavior in mice with viable mutations in members of the FXR family. 15, 16 In this study, we demonstrate that mice lacking FMRP or FXR2P display a shorter free-running period of locomotor activity in total darkness. In the absence of both proteins, completely arrhythmic activity was observed in animals maintained in a light:dark cycle. This arrhythmic phenotype is unique among circadian defects described in mouse models to date. Interestingly, in the absence of FMRP/ FXR2P, the cyclical patterns of abundance of several core clock component mRNAs are altered in the liver, which contains a major peripheral clock. By using an in vitro luciferase transfection assay, we observed that FXR2P alone or FMRP and FXR2P together can increase PER1-or PER2-mediated BMAL1-NPAS2 transcriptional activity in a dose-dependent manner. These data collectively demonstrate that FMR1 and FXR2 are required for the presence of behavioral circadian rhythms and indicate that this role may be relevant to the behavioral alterations observed in fragile X patients.
Material and Methods

Locomotor Assays
All experiments were performed with male C57BLl/6J mice of the following genotypes: Fmr1 KO, Fxr2 KO, Fmr1/Fxr2 double KO, Fmr1 KO/Fxr2 heterozygous, and their nonmutant littermates as controls (6-to 10-month-old). Animals were individually housed in standard cages equipped with running wheels within ventilated, light-tight chambers with time-controlled lighting.
Experimental animals were continuously provided with food and water. Wheel-running activity was recorded by a computer dataacquisition system (Chronobiology kit, Stanford Software Systems). Animals were maintained on a 12:12 light/dark cycle for 2 weeks and then were transferred to constant darkness for at least 2 weeks. The raw activity data can be visualized and analyzed with a c 2 periodogram (Chronobiology kit). The data were plotted in double plot activity histograms. The free-running period, t, and total activity were analyzed with the Chronobiology kit.
In Situ Hybridization
Adult wild-type (6-to 10-month-old), 
In Vitro Electrophysiology
The multiunit electrical activity rhythms of SCN neurons were recorded as described previously. 18 In short, brains of WT, Fmr1 KO, and Fmr1/Fxr2 double KO mice were rapidly dissected from the skull at the same Zeitgeber times (1.7 hr to 2.4 hr after lights on). Coronal hypothalamic slices that contained the SCN were sectioned and transferred to an interface chamber. Slices were oxygenated with humidified 95% O 2 /5% CO 2 and perfused with artificial cerebrospinal fluid (ACSF) at 35 C. We used one slice per animal and attempted simultaneous recordings of multiunit neuronal activity from the dorsal and ventral SCN with two stationary electrodes.
Northern Blot Analysis
Liver total RNA was isolated by guanidinium isothiocyanate extraction and CsCl centrifugation 19 from adult wild-type (6-to 10-month-old), Fmr1 mutant, Fxr2 mutant, and Fmr1/Fxr2 double mutant mice. These animals were maintained in 12:12 LD cycle for 2 weeks and then released into DD for at least 24 hr. For all northern blot analyses, 25 mg of total RNA was separated on 1.2% agarose-formaldehyde gels and transferred to nylon membranes. The UV crosslinked membranes were hybridized with 32 P-labeled cDNA probes for Bmal1, Clock, Per1, Per2, Cry1, Npas2, and Actin according to the instructions of the manufacturer (BD Biosciences). To calculate relative RNA abundance, optical densities of Bmal1, Clock, Per1, Per2, Cry1, and Npas2 hybridization were divided by densities from Actin hybridization to the same blot. Normalized values were then averaged for the blots prepared from different sets of RNA samples.
Real-Time PCR
The same RNA isolated for northern blot analysis was also used for real-time PCR analysis. To prepare cDNA, 1-3 mg total RNA was reverse-transcribed with random primers at a final concentration of 3 mM MgCl 2 , 75 mM KCl, and 50 mM Tris-HCl (pH 8.3), 1 mM each of dNTPs, 10 units of RNase inhibitor, and 100 units of Superscript II Rnase H À reverse transcriptase (Invitrogen). The reaction mixture was incubated at 37 C for 60 min. Real-time PCR was performed with the ABI PRISM 7000 Sequence Detector System (SDS) (Applied Biosystems) and MicroAmp optical 96-well plates (Applied Biosystems). Gene expression assays were performed with commercially available Pre-made TaqMan Gene Expression assays for eight genes. The specific Pre-made TaqMan Gene Expression assays used in this study were: Bmal1 (Applied Biosystems, Assay ID: 
Results
Fmr1 1D-1F, n ¼ 12; for more samples from double KO mice under LD conditions, see Figures S2A-S2D ). Chi-square periodogram analysis in LD for double knockout mice showed no measurable circadian rhythm ( Figures S2E-S2H ). Interestingly, Fmr1 knockout mice that were heterozygous for the Fxr2 mutation (n ¼ 8) also demonstrated wheelrunning patterns that were largely comparable to doubleknockout mice ( Figures S2I-S2P) , with weakly cyclical activity in LD that does not appear to be synchronized to the 24 hr period. Apparently, in the absence of FMR1, half normal levels of FXR2 are inadequate to establish entrainment in the LD cycle. Because the average levels of wheel-running activity did not differ significantly (p > 0.05 by one-way ANOVA) among the four genotypes in DD (wheel rotations per day for WT, Fmr1, Fxr2, and double knockout mice are 26,512 5 2,898; 27,924 5 2,378; 26,735 5 1,836; and 23,980 5 2,798, respectively), the absence of a circadian rhythm cannot be explained by a change in total activity. Our behavioral experiments demonstrate that disruption of either of the two fragile X mental retardation genes results in alterations of circadian period, and combined disruption of both results in arrhythmicity in behavior. Light and visual perception in double KO mice are normal 20 and no abnormalities could be detected in the eyes of these animals by histology (data not shown). These results indicate that FXRPs function in the mammalian circadian clock or act downstream in the control of activity.
Molecular Analysis and In Vitro Electrophysiological
Studies Suggest Normal SCN Function in the Fmr1/Fxr2 Double KO Mice To investigate whether the behavioral differences between the three knockout strains and their WT littermates might be due to a defect in the central circadian pacemaker, we examined clock gene expression in the suprachiasmatic nucleus (SCN) of the brain. Figure 2 illustrates expression of clock gene mRNAs (Per1, Per2, Bmal1, and Cry1) in the mouse SCN by in situ hybridization. The expression of Per1, Per2, Bmal1, and Cry1 was rhythmic in the SCN over 24 hr in constant darkness (Figure 2 ). Significant quantitative differences were observed between genotypes. For example, Fmr1/Fxr2 double knockout animals showed an increased level of Cry1 expression at CT12, which coincides with the predicted time of light off ( Figure 2D ). Nonetheless, the overall pattern of clock gene expression in the SCN appears unchanged between animals of different genotypes. We also investigated the electrical activity of the SCN pacemaker of WT, Fmr1 KO (n ¼ 6), and Fmr1/Fxr2 double KO (n ¼ 7) mice. Electrical activity is controlled by the core clock and serves as a major output signal of the SCN. We found that the SCN electrical activity shows high amplitude circadian rhythmicity in WT (data not Figures S3C and S3G ). It is also notable that the distributions of levels of mPer1 expression are much wider at CT6 and CT12 in the liver of Fxr2 and Fmr1/Fxr2 double knockout mice ( Figure 5C ; Figure S3C ). mPer2 expression in the liver peaks approximately 6 hr earlier in Fmr1/Fxr2 double mutants compared to Fmr1 knockout or WT animals ( Figures 4A, 4B , and 5D; Figures S3D and S3G ). Similar to mPer1, the variations of mPer2 expression levels at CT6 in the liver of Fxr2 and Fmr1/Fxr2 double knockout mice are much more broad than those in WT animals ( Figure 5D ; Figure S3D ). The expression of Cry1 is significantly increased at CT12 in the 4B , and 5B; Figures S3B and S3G ). Npas2, a transcription factor that is highly similar to Clock, heterodimerizes with Bmal1 and activates Per transcription. 21, 22 Because Clock expression was indistinguishable between WT and mutants, we tested the expression of Npas2 transcript in the liver (Npas2 expression cannot be detected by in situ hybridization in the SCN). Npas2 expression in Fmr1 mutants is similar to that in WT. However, Npas2 expression in Fxr2 mutants is slightly increased at CT18 and significantly decreased at CT0. In double mutants, Npas2 expression peaks at CT18, whereas it peaks at CT0 in WT controls ( Figures 4A, 4B , and 5F; Figures S3F and S3G). This indicates that in the absence of Fxr2, Npas2 expression is altered and that Fmr1 has an additive effect on Npas2 cycling. These data suggest that the loss of FMRP, FXR2P, or both affects peripheral circadian clock function.
FXR2P Alone or FMRP and FXR2P Together Can
Increase PER1-or PER2-Mediated BMAL1-NPAS2 Transcriptional Activity in a Dose-Dependent Manner To determine whether FMRP and FXR2P can directly regulate clock gene expression, we performed a luciferase reporter assay in HeLa cell transfection assays. Initial studies showed that addition of mPER2 enhanced BMAL1-NPAS2-dependent transcription from either mPer1 or mPer2 promoter as previously described. 23 Coexpression of FXR2P or the combination of FMRP and FXR2P together significantly enhanced the mPER2-induced BMAL1-NPAS2 transcriptional activity from both promoters ( Figures 6A and 6B) . Similarly, mPER1-induced BMAL1-NPAS2 transcription from the mPer1 promoter is further activated by FXR2P or FMRP and FXR2P together ( Figure 6C ). Furthermore, this effect on transcriptional stimulation was dependent on the dose of FXRPs ( Figures S5A and S5B ), which agrees with the observations that FMRP functions in a dose-dependent manner in flies, mice, and human patients. 13, 24, 25 However, coexpression of FMRP or FXR2P or both together was not found to influence CRY1 repression of BMAL1-NPAS2 stimulation ( Figures  S4A and S4B ). Interestingly, similar transfection studies with BMAL1-CLOCK showed no stimulation by either FMRP or FXR2P or by both together (data not shown). Our data indicate that FMRP and FXR2P have direct influence on the molecular clock feedback loop and that these effects are mediated by the BMAL1-NPAS2 rather than the BMAL1-CLOCK complex. Based on these findings and on our observations (B) RNA levels of Bmal1, Clock, Per1, Per2, Cry1, and Npas2 were quantified and normalized in reference to actin mRNA levels. The largest value of WT is normalized to 100%. Graphs illustrate the relative transcript level of these six genes. Error bars indicate the SEM. *p < 0.05, **p < 0.01.
that Npas2 expression is altered significantly in the livers of Fxr mutant animals, we propose that NPAS2 plays an important role in the effects of the fragile X gene family on peripheral circadian oscillators and behavioral activity patterns.
Discussion
Circadian rhythmicity is a fundamental biological phenomenon in living organisms. Among animals, the fruit fly and the mouse have provided the most information on the mechanism of central circadian pacemakers. These species' clocks share conserved gene products, although there are significant differences between the explanatory models for maintenance of rhythmicity. 26 In the fly, loss-of-function mutations of the dfmr gene have been shown to alter circadian behavior without detectably affecting the function of the central pacemaker, suggesting a role for dfmr in circadian output. 12, 13 In the mouse, CLOCK, BMAL1, PER, and CRY are core components of the circadian oscillatory mechanisms. The active CLOCK-BMAL1 complex drives expression of numerous genes including PER and CRY, whereas PER and CRY repress CLOCK-BMAL1 transcriptional activities and therefore form a feedback regulation loop. 27, 28 Regulation of CLOCK-BMAL1 activity is central to the mammalian clock. The appropriate delay between the activation and repression of transcription maintains the daily oscillations of clock proteins and gives the clock a~24 hr period. 29 Here, we report a function for the Fmr1/Fxr2 double knockouts are arrhythmic. It is worth while to note that in addition to FMRP and FXR2P, FXR1P, another member of FMR1 gene family, may play a compensatory role in the absence of Fmr1, Fxr2, or in Fmr1/Fxr2 double knockout mice. Because of the early postnatal death of Fxr1 knockout mice, a conditional Fxr1 knockout model was produced. 31 These mice exhibit muscle defects, but the generation of Fmr1/Fxr1/Fxr2 triple mutant mice should provide more information on potential functional interactions in circadian clock regulation and may offer a more direct comparison to the Drosophila loss-of-function model, where a single FMR1-like protein may perform many of the functions distributed among the three mammalian genes. The neural connections between the SCN and other parts of the nervous system are important for the control of circadian rhythms in the central nervous system. 32 Interestingly, it has been shown that the absence of FMRP causes abnormal neurotransmitter signaling, which could be responsible for neurological deficiencies in fragile X syndrome. 33, 34 It is possible, therefore, that the loss of FMRP and FXR2P results in arrhythmicity resulting from inappropriate neuronal communication within the central nervous system. A link between abnormal sleep patterns and mental retardation has been suggested from several other mental retardation disorders, 35 including Smith-Magenis syndrome, 36 where the RAI1 transcriptional activator appears to be a major contributor to phenotype. To our knowledge, our data provide the first molecular evidence to connect a protein involved in cognitive ability with the circadian system. Although sleep abnormalities are a frequent feature in males with fragile X syndrome, the level of severity varies significantly in different patients. 2, 14 Our data that in the absence of Fmr1, losing half normal levels of Fxr2 can result in loss of light-dark entrainment suggest that genetic variation in Fxr2 could be responsible for the variability of sleep problems in fragile X population. Sleep abnormality could add to the phenotype; several lines of evidence suggest a role for normal sleep in learning and memory. 37 The close association between the circadian system and the timing of sleep and wakefulness together with the typical disturbances of circadian behavior and sleep in fragile X syndrome opens up a new perspective for the investigation and treatment of patients suffering from this disorder.
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